












































Skeletal Sites: Different composition of Bone Types 
with different contributions (a GAP) to Bone Integrity
Cortical Bone/ “Compact Bone”
Sources:  L. Mosekilde; SL Bonnick; P Crompton
PROXIMAL FEMUR
VERTEBRAL BODY – 66% BMD















Different Distribution and Turnover Rates for 





TYPES OF BONE CELLS:  mediators of bone resorption, 
bone formation, mechanical sensing
Bone Marrow Area
Mineralized bone
Remodeling of Bone Tissue in Adults is Highly 
Regulated and Rates can Influence Integrity
1-2 million Bone Remodeling Units






































Fracture risk is already


































































Medical Operations: Multiple, novel

















Constraints to Understanding Skeletal 
Adaptation
 
    Shuttle
1981-2010 










 Intl Space Station
2000-present
     












 SPA  












    Heel,Wrist 
   
    
 






Skylab-Bone Mineral Density of Calcaneus (vs. 
wrist)
Rambaut P, Johnston R. Acta Astronaut. 1979;6:1113‐22.
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DXA measurement of areal BMD [BMDa] – a 3d measure in 2d units
•Improved precision; low radiation; shorter scan times; BMD over multiple 
skeletal sites…
•Used in large prospective studies for fracture prediction
• Long established surrogate for bone strength
• Despite limitations, still considered best predictor of fracture
NASA JSC: Widely-Applied Technology for the 






















Subsequently, application of Dual-energy X-


























































DXA BMD increases in Postflight –does that suggest a recovery of bone strength?
Sibonga et al. BONE 41:973‐978, 2007
Serum and urinary biomarkers reflect 
bone turnover and suggest changes in cellular activities
Serum:
Total and bone-specific alkaline phosphatase (formation)
Osteocalcin (formation)
Total serum Calcium (40% protein bound;  calcium complexes)





Hormones:  (regulation of calcium homeostasis)
Parathyroid hormone – glands - main calcium sensing organ
1,25 Dihydroxyvitamin D -- stimulates Ca conservation
25 Hydroxyvitamin D – assayed vitamin D metabolite (substrate)
Bone Turnover
Slide Courtesy of Dr. SM Smith; Adapted by Sibonga
Bone Turnover Markers: suggest uncoupling of 
remodeling  -- may result in  net loss in bone 
mass from skeleton.
Calcium-regulating Hormones – Endocrine 
system is “normal” but perturbed.
Nutrition SMO, unpublished data; Courtesy Dr. SM Smith
Circa 2000, NASA adapts  the only & best clinical 
guidelines available for  Primary Osteoporosis 
as standards of bone health in astronauts. 









Clinical Guidelines used by NASA:  
DXA-based T-scores not appropriate, informative or predictive for fracture in astronaut population.
Limited Knowledge Base: The long‐duration astronaut 
– not typical subject to screen for osteoporosis (1/2015).
• Typical space mission duration – 160 ± 32d (range 49‐215d)




• BMI – Male BMI 25.7 ± 2.2 (range 21.2 to 30.7) Female BMI 22.3 ±
2.3 (range 20.1 to 25.9) 
• Wt and Ht‐ Males: Males: 82 ± 9 (63 to 103); 177 ± 6 (163 to 188) 
Females : 65 ± 7 (54 to 81), 169 ± 4 (163 to 178)
• % Body Fat: Males:  23 ± 4 (14 to 31)  Females:  29 ± 6 (22 to 44)
• YOUNGER PERSONS DO NOT FRACTURE.
Age is important risk factor for bone loss and fracture 
probability. The DXA as diagnostic clinical test is not for 
premenopausal females or males < 50 years.
Kanis et al JBMR 9(8):1137, 1994




Meanwhile, Terrestrial Observation of Reduced Sensitivity of DXA Test: 
“T-score Osteoporosis” Misses Over 50% of Fragility Fractures”
Only 44% of women (21% of men) who sustain 
non‐vertebral fractures have “osteoporosis” by BMD*
Adapted from Schuit, Bone. 
2004;34:195-202. Slide 
from J Shaker, MD; 
ISCD 2015 Annual 
Meeting 
5794 participants in the 
Rotterdam study; 
Mean follow-up 6.8 yrs
FN BMD at baseline
(Female data presented 
here)











































Disconnects with BMD and Fracture risk in terrestrial
medicine:
Fracture probability is influenced by additional factors 

















to an increased risk of 
fracture.  Bone 
strength reflects the 
integration of two 
main features: bone 
density and bone 






“Bone Quality: What is it and Can we measure it?”
May 2005 
Example, GE QCT scanner
Different QCT modalities to capture bone structure.
ScanCo
High Resolution “HR” peripheral
QCT
< 0.5 mRem per site
Lunar
Hip 1.2-1.5 mSv/ HIP
2-6 days  ISS background
Stratec peripheral QCT











Change + SD 
aBMD Lumbar 
Spine 








































DXA areal BMD and QCT trabecular volumetric BMD of Total 
Proximal Femur:  
Discordant Recovery Patterns  2 -4 Years Post-flight
QCT Extension Study (n=8) Postflight Trabecular BMD in hip.  Carpenter, D et al. Acta Astronautica, 2010.
Images courtesy of Dr. J Keyak
FEM – a computational tool to estimate failure loads 
(“strength”) of complex structures.
i) Models generated from QCT data. ii) Applied to 
astronauts (n=11) in collaboration with QCT study.
























































































































































































Riggs BL, Melton LJ:  Adapted from Involutional osteoporosis
Oxford Textbook of Geriatric Medicine









Riggs BL, Melton LJ:  Adapted from Involutional osteoporosis
Oxford Textbook of Geriatric Medicine















Riggs BL, Melton LJ:  Adapted from Involutional osteoporosis
Oxford Textbook of Geriatric Medicine





Clinical Evidence: QCT measures are independent 
















Subsequently, Clinical Advisory 





















Investigate FE estimates of hip strength as new 
surrogate for bone health for individualized 
assessements- likely to capture more effects of 







Recommendation: Explore emerging data from population studies 
using FE bone strength to predict fractures and return to panel with 
findings for clinical operating bands of astronaut health. 
• Male‐female differences in prediction of hip fracture during finite element analysis. Keyak JH, Sigurdsson S, 
Karlsdottir G, Oskarsdottir D, Sigmarsdottir A, Zhao S, Kornak J, Harris TB, Sigurdsson G, Jonsson BY, 
Siggeirsdottir K, Eiriksdottir G, Gudnason V, Lang TR. Bone. 2011;48(6):1239‐1245.
• Association of hip strength estimates by finite –element analysis with fractures in women and men. Amin 
S,, Kopperdahl DL, Melton LJ 3rd, Achenbach SJ, Therneau TM, Riggs BL, Keaveny TM, Khosla S. J Bone Miner 
Res. 2011;26(7):1593‐1600.
• Age‐dependence of femoral strength in white women and men. Keaveny TM, Kopperdahl DL, Melton III LJ, 
Hoffmann PF, Amin S, Riggs BL, Khosla S. J Bone Miner Res. 2010;25(5):994‐1001.
• Osteoporotic Fractures in Med Study Group. Finite element analysis of the proximal femur and hip fracture 
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High Resorption        Disrupts Microarchitecture      Fractures*
GAPS persist.







Bone Microarchitecture: Need to “discover” technology to monitor for a 
Non-permissible outcome because irreversible.
Adapted by Sibonga



























































Endocortical bone resorption with  disuse
From J.W.Jaworski
Images Courtesy of D Carter, PhD

